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Abstract  

Static concentrations of plutonium oxidation states in solution and at surfaces in oxide-

water systems are identified as non-equilibrium steady states. These kinetically controlled 

systems are described by redox cycles based on irreversible disproportionation of Pu(IV), 

Pu(V), and Pu(VI) in OH-bridged intermediate complexes and at OH-covered oxide 

surfaces. Steady state is fixed by continuous redox cycles driven by radioactivity-

promoted electron-transfer and energetically favorable reactions of Pu(III) and Pu(VII) 

disproportionation products with H2O. A model based on the redox cycles accounts for 

the high steady-state [Pu] coexisting with Pu(IV) hydrous oxide at pH 0-15 and for 

predominance of Pu(V) and Pu(VI) in solution. The steady-state [Pu] depends on pH and 

the surface area of oxide in solution, but not on the initial Pu oxidation state. PuO2+x 

formation is attributed to high Pu(V) concentrations existing at water-exposed oxide 

surfaces. Results infer that migration of Pu in an aqueous environment is controlled by 

kinetic factors unique to that site and that the predominant oxidation states in solution are 

Pu(V) and Pu(VI).  

Introduction  
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 Inconsistency of Pu redox chemistry with equilibrium control is evident for aqueous 

solutions and oxide-water systems. The dioxo ions of Pu(V) and Pu(VI) disproportionate 

despite unfavorable Gibbs energies [1] and oxide solubility is not described by 

equilibrium modeling [2,3]. Crystalline dioxide, PuO2(c), is the stable oxide in water and 

pH-dependent dissolution as hydrolyzed Pu(IV) species is expected. However, steady-

state Pu concentrations, [Pu]s, are ~1010 higher than equilibrium values for PuO2(c) and 

comparable to those for amorphous hydrous oxide, Pu(OH)4(am) or PuO22ּH2O(am), 

formed by precipitation of Pu(IV) [2].  Data for the pH 0-15 range (Fig. 1a) show that 

[Pu]s values [4-8] are 102-104 greater than the equilibrium Pu(IV) concentration, 

[Pu(IV)]e, for Pu(OH)4(am) [9] and imply that PuO2(c) is transformed into less-stable 

Pu(OH)4(am), or that the dioxide and hydrous oxide are both transformed into another  

more-soluble (less-stable) phase [3,8]. More than 99% of the [Pu]s is present as Pu(V) 

and Pu(VI) [2], not as Pu(IV). The log[Pu]s-pH results are especially perplexing because 

steady-state Pu concentrations decrease with increasing [H+] in the pH 1.5-3 range [2,5]. 

A proposed equilibrium description based on solubility control of [PuO2
+] by solid PuO2+x 

accounts for [Pu]s in the pH 3-9 range [16], but does not account for spontaneous 

disproportionation of Pu(V) to Pu(IV) and Pu(VI) [1]. 

 Reaction of PuO2(c) with H2O spontaneously forms H2 and a high-composition oxide 

solid solution, PuO2+x(c) (0<x<0.27) [10] containing Pu(IV) and Pu(V) [11]. Calculations 

show that PuO2+x formation via the PuO2+O2 reaction is doubtful and that the observed 

PuO2+H2O reaction is energetically unfavorable [12,13]. Formation of PuO2+x in the 

environment may enhance Pu solubility [3] and contribute to the surprisingly long 
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groundwater transport distances of 1.3 km at the Nevada Test Site (NTS) [14] and 3.9 km 

at the Mayak Production Association [15]. 

 Here, disproportionation reactions, DX, of aqueous hydroxo complexes with Pu(X) in 

intermediate oxidation states (X = IV, V, VI) are combined with Pu(X)-water reactions 

(X = III, VII) in defining non-equilibrium redox cycles. Static systems are described by 

steady-state cycles in which intermediate Pu(X) concentrations are fixed by equal rates of 

competing DX reactions. These radioactivity-driven cycles describe the surface chemistry 

of water-exposed oxide and quantitatively determine the [Pu]s-pH behavior of hydrous 

oxide-water systems. 

Methods 

 Description of redox steady states is based on analysis of published data for solutions 

and solids. Digitization of data from graphical sources was facilitated by scanning and 

enlargement methods that limit the estimated errors (±5%) in dependent variables and 

have negligible effect on data evaluation or model development. Pu concentrations in Fig. 

1a [4-8] are steady-state values coexisting with solids precipitated from acidic Pu(IV) 

nitrate solutions by dilution or NaOH addition. Disproportionation rates, RDX, of Pu(X) 

[1,17-20] are described by the general equation: RDX = -d[Pu(X)]/dt = kX[Pu(X)]nX, where 

kX = cX[H+]mX. Respective values of mX and nX define the numbers of protons (or OH-) 

and Pu(X) ions involved in the rate-controlling step of DX. Methods for deriving kinetic 

constants from [Pu(X)]-t data have been described previously [17]. 

 Dependence of [Pu]s on the amount of Pu(IV) hydrous oxide coexisting with a 

steady-state solution is based on data showing a fifty-fold change in the apparent 

equilibrium quotient as the solid mass was varied from 1 mg l-1 to 5 g l-1 at pH 1.7±0.3 
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[2]. In the original study [21], steady states were reached with initial solutions of Pu(IV), 

Pu(V), or Pu(VI) and with mixtures containing Pu(IV) colloids. Equilibrium was  defined 

by 2PuO2
+(aq) + 2H2O(l) → Pu(OH)4(am) + PuO2

2+(aq). [Pu]s values for solutions with 

different amounts of solid are given by [Pu(V)+Pu(VI)] derived using {Pu}t, the total 

moles (as solids and in solution) of Pu per liter, and the corresponding mole fractions of 

Pu(IV) from published ternary phase diagrams [21]. 

 Definition of solution chemistry and modeling of [Pu]s-pH results are guided by 

observation of one or more energetically unfavorable Pu(X) concentrations at steady 

state. Systems are apparently driven from equilibrium by energy from radioactive decay 

of Pu. Involvement of DX reactions is suggested because they provide facile routes to all 

Pu(X) including Pu(VI). Since static Pu concentrations exceed equilibrium values, [Pu]s 

must be kinetically controlled and become fixed when the formation rate and the loss rate 

become equal for each Pu(X). Water is consistently present as solvent or adsorbate, 

inferring that H2O actively participates in redox processes. The pH dependencies of kX 

are correlated with those of [Pu]s and show involvement of polynuclear complexes with 

OH bridging groups that bind Pu(X) atoms and provide electron-transfer, ET, pathways 

for DX reactions. Each linear segment in the log[Pu]s-pH data for hydrous oxide-solution 

systems (Fig. 1a) is consistent with control of the steady state by a unique DX chemistry 

in that pH range. 

Disproportionation kinetics 

 Disproportionation reactions of Pu(X) (Table 1A) transform Pu into all common 

oxidation states and ultimately determine the long-term aqueous redox chemistry of Pu. 

Equations in Table 1 are formulated to describe redox reactions for the entire pH 0-15 
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range. A single set of speciation-specific equations cannot be written because those 

reactions vary continuously with pH and because species are undefined for Pu(VII) and 

remain uncertain for other Pu(X). Whereas DIV (Eq. 1A1) forms 2 Pu(III) and 1 Pu(VI) 

[17], DV (Eq. 1A2) and DVI (Eq. 1A3) are symmetric reactions with 1:1 product ratios 

[1,18]. As specified by Eq. 1A4, immediate reaction of the Pu(VII) product of DVI with 

H2O reforms Pu(VI) without detectable accumulation of the VII oxidation state and 

leaves Pu(V) as the only observed reaction product (Eq. 1A5). Kinetics of the 

Pu(VI)→Pu(V) transformation cannot be described by H2O2 reduction [18].  

 Formulation of DX mechanisms is speciation-sensitive and rests on dependence of 

RDX on [Pu(X)] and [H+] as defined by the general rate equation. Experimental values of 

mX and nX for Pu(X) (Table 2) are consistent with formation of hydroxo monomers and 

with their association as equilibrium di- or tri-nuclear complexes that are reactive 

intermediates in the rate determining steps of DX reactions [1,17,18]. Below pH 4, 

hydroxo monomers of PuO2
+ and PuO2

2+ form by protonation. Kinetic results infer that 

dimeric intermediates with single OH bridges form by association of PuO2
+ and PuO2

2+ 

with their respective protonated ions [1,18]. Hydroxo monomers of Pu(IV) and those for 

Pu(V) and Pu(VI) above pH 4 form by hydrolysis and associate as polynuclear 

complexes. DIV does not proceed by the accepted two-step bimolecular process, but via a 

single-step trimolecular reaction [17]. DV and DVI are bimolecular; kV and kVI (Table 2, 

Fig 1b) are from literature sources [1,17,18] and from evaluation of kinetic data [19,20].  

 If RDX is determined by the pH-dependent concentration of a hydroxo complex of 

Pu(X), then kX should be correlated with the concentration of Pu(X) hydroxo monomer.   

Thermodynamic data [22] show that the equilibrium [PuO2OH] is low in acidic media 
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and increases with pH until the equilibrium mole fraction of monomer approaches 1 near 

pH 10, the point beyond which a constant kV is expected (Fig. 1b). Values of kV decrease 

above pH 13 as the [PuO2OH] is diminished by formation of PuO2(OH)3
2- [23]. Values of 

kVI (Table 2, Fig. 1b) are in close agreement with kV. At Pu(VI) concentrations of interest, 

PuO2
2+ hydrolyzes first to PuO2OH+ below pH 6.5 and then to PuO2(OH)2 at pH 6.5-10 

[22,24]. Facile dimerization of PuO2(OH)2 [24] suggests that DVI remains bimolecular 

beyond pH 6.5. However, as shown by Eq. 2C3 (Table 2), a pseudo-first-order 

dependence on [H+] is expected for pH 6.5-10 because the contribution to RDVI from 

PuO2(OH)2 formation is negated by concurrent loss of PuO2OH+. Therefore, RDVI is 

determined by reaction of the mixed dimer (PuO2OH-PuO2(OH)2)+ with mVI = 1. The 

minimum in kV near pH 4 coincides with the maximum in stability of aqueous Pu(V) [25] 

and is a consequence of low hydroxo monomer concentration. The mechanistic change 

from proton- to hydrolysis-driven DV and DVI reactions near pH 4 shows that PuO2
+ and 

PuO2
2+ are amphoteric and suggests that oxide surfaces behave similarly. 

 DIV is trimolecular in the pH 0-1 range where monomeric Pu(OH)y
(4-y)+ (y = 0-4) 

species predominate, but the molecularity increases at higher pH [17]. If hydroxo trimers 

are the only reactive intermediates, nIV should be fixed at 3 and kIV should become 

constant as the mole fraction of Pu(OH)4(aq) approaches 1 at pH 7-8 [9]. Electron 

transfer in polynuclear hydroxo complexes and colloids of Pu(IV) undoubtedly 

contributes to DIV above pH 1. Although Pu(IV) is formed reversibly by slow 

Pu(III)+Pu(VI) reaction below pH 0 [17,26], that reaction is negligible at higher pH 

where the concentration of Pu(III) is small and Pu(IV) is regenerated irreversibly via 

alternative DX pathways. 
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 Comparison of log[Pu]s-pH and logkV-pH curves (Figs 1a and 1b) shows that the pH 

dependence of [Pu]s is strongly correlated with that of kV by an inverse square-root  

relationship over most of the pH range. The log[Pu]s-pH slopes have opposite sign and 

half the magnitude of the corresponding logkV-pH slope except for pH<1.5 and pH 6.5-

10.  

Radioactivity-promoted redox 

 In the classic description, redox reactions in solution are bimolecular processes driven 

by orbital overlap and finite probability of ET during molecular collision [27]. 

Trimolecular and higher-order reactions of DIV [17] are not readily accommodated by that 

mechanism. Facile dimerization of PuO2OH, PuO2OH+, and PuO2(OH)2, as well as 

formation of Pu(IV) hydroxo polymers, suggests that reactive intermediates are 

polynuclear species existing in equilibrium (or at steady state) with hydroxo monomers. 

Pu atoms in the polynuclear intermediates are bound by OH bridging groups that provide 

ET pathways for electron redistribution. A static non-equilibrium mixture of oxidation 

states forms as dinuclear and higher hydroxo intermediates with ET-altered electron 

distributions dissociate.  

 The proposed mechanism for OH-facilitated ET is based on x-ray photoemission 

spectroscopy (XPS) studies of water-exposed TiO2 surfaces and identification of a 

hydrated-electron state involving the non-hydrogen-bonded H of bridging OH and 

chemisorbed H2O [28]. The unoccupied ‘wet-electron’ state is populated by photo-

induced (hν = 3.05 eV) ET from Ti and is expected for other water-exposed transition 

metal oxides. Existence of similar states on bridging OH groups of aqueous hydroxo Pu 

complexes and population of those states by ET are implied by an intense band near 
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400nm (3.10 eV) in the absorption spectrum of Pu(IV) hydroxide polymer [29]. Studies 

with Pu(V) solutions show that DV occurs in sunlight and in darkness [20], inferring that 

ET from Pu(V) to the hydrated-electron state is both photo- and radioactivity-induced. 

RDV is twenty-fold faster in sunlight than in darkness. A broad spectrum of energy 

including EX, the energy for exciting a Pu(X) electron to a hydrated electron state, 

apparently results as energy from radioactive decay (4.9-5.5 MeV alpha particles) is 

partitioned to Pu atoms in hydroxo complexes. DX reactions are an inherent consequence 

of Pu-OH-Pu bonding and radioactivity-promoted ET to adjacent Pu atoms. 

 The surprisingly close agreement of cX values for Pu(IV), Pu(V), and Pu(VI) in strong 

acid (Table 2) is consistent with promotion of ET in all DX reactions by similar 

radioactivity-driven excitation of valence Pu electrons. DV and DVI undoubtedly proceed 

by excitation and transfer of single electrons in hydroxo dimers; coincidence of kV and kVI 

over a wide pH range (Fig. 1b) is unlikely if the reactions are driven by chemical 

potential. Formation of 2Pu(III)+Pu(VI) via a trimolecular DIV mechanism involving 

simultaneous or sequential transfer of two electrons from one Pu(IV) in a hydroxo trimer 

is very improbable. Observations suggest a concerted process with formation of Pu(III) 

and Pu(V) by a one-electron transfer and immediate reaction of the Pu(V) product with 

the remaining Pu(IV) in the hydroxo trimer. 

 DX-driven redox occurs via two competing processes: oxidative disproportionation, 

OD, and reductive disproportionation, RD. The oxidative process (Table 1B) is driven by 

the asymmetric DIV reaction that forms Pu(III) and Pu(VI) in a 2:1 ratio. As shown by 

equations for aqueous Pu(IV) in a closed system, oxidation of product Pu(III) back to 

Pu(IV) by H2O is necessary for OD. The reaction forms H2, is energetically favorable 
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except at low pH [22], and occurs in Pu2O3 at near-neutral conditions and 25ºC [30]. 

Accumulation of Pu(VI) leads to DVI and Pu(V) formation as product Pu(VII) is reduced 

back to Pu(VI) by H2O [17]. The number of electrons lost by H2 formation during Pu(III) 

oxidation is twice that produced by O2 formation during Pu(VII) reduction. The net 

reaction (Eq. 1B2) transforms Pu(IV) into Pu(V)+OH-.  

 Reductive disproportionation (Table 1C) initiates with onset of DV as the Pu(V) 

product of OD accumulates in solution. Pu(IV) and Pu(VI) products are then consumed 

by continuing DIV and DVI. Steady-state concentrations, [Pu(X)]s, with X = IV, V, and VI, 

are reached when the formation rate of each oxidation state equals its reaction rate. In the 

net reaction (Eq. 1C1), RD transforms Pu(V) into Pu(IV)+H+. Approximately 23% of the 

Pu(VI) formed by DIV at pH 0.7 is reduced directly to Pu(V) by H2O (Eq. 1A5) [17], 

apparently due to promotion from residual energy in product Pu(VI) after ET. The 

directly reduced fractions of product Pu(VI) from DIV and DV are likely to increase and 

may approach 1 as the 1/2H2O → 1/4O2 + H+ + e- reaction becomes increasingly 

favorable with increasing pH.  

 Absence of reaction in a closed system is implied by summing Eqs.1B2 for OD and 

1C1 for RD, but that condition is not realized. Radioactivity-driven ET continuously 

forces DX reactions from the minimum energy state and maintains non-equilibrium 

[Pu(X)]s values. At a given condition, indistinguishable steady states are expected 

regardless of initial Pu(X) because all common oxidation states appear in OD-RD. The 

process is best described as ‘hybrid’ because participating reactions are controlled by 

thermodynamics in some cases and kinetics in others. OD slows with decreasing pH due 
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to increasing stability of Pu(III), a product that accumulates as electrons from continuing 

RD are added to the redox system [17]. 

 The preceding discussion applies to solutions without coexisting oxide or hydrous 

oxide solids. Low-pH solutions with relatively high [Pu(IV)]e are amenable to speciation 

studies if precipitation of Pu(IV) hydrous oxide is precluded by low {Pu}t. Continuing 

RD without compensating OD progressively transforms high oxidation states to Pu(III) in 

solutions containing Pu(III), Pu(IV), plus Pu(VI) ([Pu] ~1.8x10-4 M) at pH 0 and Pu(III), 

Pu(V), plus Pu(VI) ([Pu] ~1.6x10-4 M) at pH 1 [26]. Precipitation of Pu(IV) hydrous 

oxide, the dominant reaction upon dilution of an acidic Pu(IV) stock solution to ~10-9 M 

in natural waters at pH 8.5, is followed by redistribution of Pu(X) in solution over a 

thirty-day period [31]. Pu remains in solution upon similar dilution of a Pu(VI) stock 

solution; Pu(IV) hydrous oxide precipitates as the [Pu(V)+Pu(VI)] is decreased by 

continuing RD over time.  

 OD-RD holds potential for markedly altering the redox chemistry of hydrous oxide 

and water-exposed dioxide. Pu atoms in bulk hydrous oxide, Pu(OH)4(am) [32], and at 

the surface are bound by OH. Dissociative chemisorption of water during exposure of 

PuO2(c) to H2O(g) forms OH in the first monolayer [33]. Chemisorption of H2O in the 

second layer is followed by reversible sorption of additional H2O layers. The surface 

composition is Pu(OH)4 for both Pu(IV) hydrous oxide and H2O-exposed PuO2 solids in 

solution and in vacuum. Extension of the OD-RD concept to these OH-covered oxides is 

logical because the network of surface Pu atoms and bridging OH groups resembles an 

extended polynuclear hydroxo complex of Pu(IV) on a substrate surface and beneath one 
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or more sorbed H2O layers. Steady-state distributions of Pu(IV), Pu(V), and Pu(VI) are 

expected at hydroxo-coated surfaces as a result of OH-facilitated ET and OD-RD.  

 XPS data for the Pu 4f7/2 core level (Fig. 2a) show multiple Pu oxidation states at 

surfaces of hydrous oxides and water-exposed oxide [34], but identities and distributions 

of those states are not reported. In comparison to data for PuO2 prepared in situ at 600ºC 

(Fig. 2aA), the spectrum for PuO2 fired in air (Fig. 2aB) is broad and shifted toward 

higher binding energy, BE. Spectra for PuO2.26 (Fig. 2aC) and Pu(IV) colloidal hydroxide 

(Fig. 2aD) are surprisingly similar and substantially shifted relative to PuO2. The known 

presence of Pu(V) in PuO2.26 [11] infers that the maximum near 427.0 eV is characteristic 

of Pu(V). The 1.5 eV spacing between this peak and BE for Pu(IV) [34] is identical to 

that for Pu(III) and Pu(IV) [35] and infers that BE for Pu(VI) in oxide is near 428.5 eV. A 

change in the oxidation-state distribution at the PuO2.26 surface in vacuum is shown by a 

shift to lower BE over time (Fig. 2b).  

 Curve fitting shows that the PuO2.26 XPS spectrum (Fig. 2c) is described by a sum of 

spectra for Pu(IV), Pu(V), and Pu(VI), the oxidation states expected for control by OD-

RD. Results (Table 3) show that similar oxidation-state distributions exist in near-surface 

regions of colloidal hydroxide and PuO2.26 despite differences in bulk composition and 

crystallinity. Existence of comparable steady-state concentrations of Pu(IV), Pu(V), and 

Pu(VI) on water-exposed surfaces implies that DX rates are similar and is consistent with 

promotion of ET by transfer of decay energy to Pu atoms. Involvement of H2O in OD-RD 

is inferred by predominance of Pu(IV) at adsorbate-free oxide surfaces formed by in-situ 

heating of PuO2.26 (Fig. 2aA). Shifting and broadening of the spectrum for air-fired PuO2 
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(Fig. 2aB) suggests that OD-RD was promoted by chemisorption of water during 

handling in air.  

 The spectral shift for aged PuO2.26 toward that of dry PuO2 (Fig. 2b, Table 3) and 

absence of an O 1s peak (BE = 533.3 eV) for chemisorbed H2O after aging [34] are 

consistent with consumption of water and electron production via the Pu(VII)+H2O 

reaction [17]. Spontaneous dehydration is reduction-driven and promoted by loss of 

product O2 from the dynamically pumped XPS system and the resulting limitation on 

H2+O2 recombination (Table 1B). Steady state is maintained only if the system is closed 

or the H2O source is unlimited. Curve-fitting shows that the PuO2CO3 spectrum [34] is 

described by a mixture of Pu(IV), Pu(V), and Pu(VI) plus Pu(VII) (Fig. 2d, Table 3). 

Disproportionation of Pu(VI) to Pu(V) and Pu(VII) is controversial [1], but occurrence of 

the DVI reaction is confirmed by these results. Transformation of the PuO2CO3 surface to 

Pu(IV) oxide hydroxide after a year in ultra-high vacuum [34] is consistent with slow 

addition of electrons to the redox system by throttled reduction of Pu(VII) at the low 

concentration of residual H2O in the oxide carbonate.   

 A diagram of OD-RD (Fig. 3) shows the pathways for forming steady-state products 

at the Pu(OH)4 surfaces of hydrous oxide and water-exposed PuO2. Constraint of the 

surface composition to a 4H:4O:1Pu ratio throughout the diagram describes behavior in 

vacuum and inexorably fixes the stoichiometry of the Pu(VII) product at PuO2(OH)3. The 

three oxidation states (IV, V, and VI) observed on OH-coated surfaces at steady state lie 

on the inner circle. Pu(IV) and Pu(V) are at the interface between the oxidative and 

reductive processes; DIV drives OR to form Pu(V) and DV drives RD to form Pu(IV). 

Attainment of equilibrium is precluded because Pu(IV), Pu(V), and Pu(VI) are 
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continuously formed and lost via radioactivity-driven disproportionation reactions. In 

addition to forming H2, O2, and H2O, transient H and O produced at surfaces participate 

in a catalytic cycle that interfaces with OD-RD, incorporates O2 into a system, and 

increases the oxidation rate of Pu metal in moist environments [10,33].  

 Formation of PuO2+x and H2 by the PuO2+H2O reaction and generation of H2 during 

storage of moisture-exposed oxide [10] are apparently driven by the high steady-state 

Pu(V) activity maintained at OH-coated surface of PuO2(c) by OD-RD (Table 3). A 

[Pu(V)]s of ~10 M exists in the surface zone comprised of two chemisorbed water layers 

and 50% Pu(V) in one crystallographic plane of oxide. Formation of PuO2+x as a mixed-

valance phase of Pu(IV) and Pu(V) is consistent with reduction of surface Pu(V) to 

Pu(IV) by electrons from Pu(IV) in bulk oxide and concurrent diffusion of O2- into the 

lattice. Pu(III) formed by DIV at the surface is oxidized back to Pu(IV) by H2O. The net 

reaction forms PuO2+x and H2 (Table 1D). Failure to form PuO2+x by PuO2+H2O in some 

cases [36] suggests that oxygen diffusion (or another essential step) was blocked, a 

condition that results in accumulation of H2 plus O2 and formation of H2O via surface-

catalyzed reaction [37]. The proposed oxidation of PuO2 by H2O2 [13] is unlikely because 

peroxide is unstable at surfaces and reduces aqueous Pu(V) and Pu(VI) to Pu(IV) [9]. 

PuO2+x formation is not observed in dry air or O2 [10] because dissociative chemisorption 

of H2O is essential for ET at oxide surfaces. 

Modeling of steady states  

 Description of solutions coexisting with hydrous oxide is based on adaptation of the 

redox cycle to systems in which OD occurs only at Pu(OH)4 surfaces and RD occurs only 

in the aqueous phase. The OD process (Fig.3) drives oxide dissolution by forming Pu(V) 
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at the solid surface and releasing that product into solution. RD transforms aqueous 

Pu(V) into Pu(VI) and Pu(IV) hydrous oxide. The OD and RD regimes are kinetically 

linked at steady state where the rates of Pu(V) release and Pu(IV) precipitation are equal. 

The steady-state formation rate of Pu(V) equals the loss rate and is independently defined 

by R, the rate of Pu(V) (or H) generation during PuO2+x formation [10]. Pu(IV) and 

Pu(VI) are formed by DV, but Pu(V) is the only net product of DVI. Therefore, RDV is 

twice RDVI at steady state. 

 In solutions coexisting with hydrous oxide or PuO2, [Pu]s is determined by the sum of 

[Pu(IV)]s, [Pu(V)]s, and [Pu(VI)]s. Concentrations of Pu(III) (except at low pH) and 

Pu(VII) are negligible. Presence of Pu(IV) hydrous oxide fixes [Pu(IV)]s at [Pu(IV)]e. 

[Pu(V)]s and [Pu(VI)]s are defined by [Pu(X)]s = (RDX/kX)1/nX. RDV = R, RDVI = RDV/2, and 

[Pu]s is described as follows:     

    [Pu]s =  [Pu(IV)]e + (CR/kV)1/nV + (CR/2kVI)1/nVI.   (1) 

The system-specific constant C (m2 l-1) relates RDX (mol l-1 s-1) to R (mol m-2 s-1) and 

shows that [Pu]s depends on A/V, the ratio of solid-area to solution-volume. The pH 

dependence of [Pu]s is incorporated by kX = cX[H+]mX. R is radioactivity driven and pH 

insensitive in both the oxide protonation and the hydroxylation regimes. However, a 

change in R is likely upon transition from protonated to hydroxylated oxide surfaces. 

Unless otherwise stated, the contribution of [Pu(IV)]e to [Pu]s (< 1%) is ignored. 

 The hybrid model is supported by data showing that derived equilibrium constants 

vary with the mass of Pu (IV) hydrous oxide per unit volume of solution at steady state 

[2]. If nV and nVI are equal (Table 2) and defined by n, and if C is replaced by the product 

of Ag (m2 g-1) and gl (g l-1), the linear logarithmic form of Eq.1 is:  
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    log[Pu]s = log[(AgR/kV)1/n + (AgR/2kVI)1/n] + 1/n log(gl).  (2)  

Least-squares refinement of [Pu]s-gl data from measurements near pH 1.7 [2,21] gives 

log[Pu]s = (-2.9±0.7) + (0.50±0.09)log(gl). As predicted by Eqn 2, log[Pu]s is a linear 

function of log(gl). As required by the bimolecular (n = 2) mechanisms of DV and DVI, the 

slope is 0.50.  

 A mirror-image correspondence of log[Pu]s-pH (Fig. 1a) and logkV-pH (Fig. 1b) 

curves is predicted by the hybrid model. Qualitatively, steady state is reached at low 

[Pu(V)] if kV and kVI are large and at high [Pu(V)] if they are small. If both mX and nX for 

Pu(V) and Pu(VI) have the same values (m and n) within the range of a linear log[Pu]s-

pH segment, the derived log[Pu]s-pH form of Eq. 1 for that range is: 

       log[Pu]s = log[(CR/cV)1/n + (CR/2cVI)1/n] + m/n pH.   (3) 

For these cases, the hybrid model predicts that the log[Pu]s-pH slope is m/n as defined by 

kinetics of DX. Observed slopes for the pH 1.5-3 and 3-6.5 regions (Fig. 1a) agree with 

predicted m/n values of 1/2 and -1, respectively (Table 2). Similar agreement for pH 10-

13 (m/n = 0) and pH >13 (m/n = 2) implies that mV equals mVI within those ranges, or that 

the [Pu(VI)] is negligible due to facile Pu(VI)+H2O reaction at high pH. Analysis shows 

predominance of Pu(V) in strongly basic solutions at steady state [7]. Deviation from Eq. 

3 at pH 6.5-10 is expected because mV does not equal mVI. Contributions of [Pu(V)]s and 

[Pu(VI]s to [Pu]s are comparable [2] and an effective m/n of -3/4 is obtained  by 

averaging -1 and -1/2 for the respective Pu(V) and Pu(VI) terms in Eq. 1 . 

 The log[Pu]s-pH slope of -3/2 at pH <1.5 disagrees sharply with the expected m/n of 

1/2. Results are consistent with continuing RD maintenance of steady state in solution 

and with entry into a regime of oxide protonation and acid-driven dissolution. The pH 



 
 
 

16 
 

dependence of [Pu]s in strong acid is determined by the combined effect of [H+] on kX and 

on the oxide dissolution rate described by R’ = k’[H+]4 [38].  If R is replaced by k’[H+]4 in 

Eq. 1, the theoretical slope of log[Pu]s-pH at pH<1.5 is -(4-m)/n or -3/2. 

 Slopes and spans of linear log[Pu]s-pH segments are consistent with kinetic control of 

[Pu]s, but validation of the hybrid model rests on quantitative prediction. Of eight 

requisite parameters (C, R, cV, cVI, mV, mVI, nV, nVI), all are known for pH 3-6.5 except C, 

a quantity fixed by gl (~1.2 g l-1) of Pu(OH)4(am) added to test solutions [5] and by Ag of 

the solid at steady state. The hydrous oxide might be present as a single 1.3 mm-diameter 

sphere of ~10 g cm-3 density or as 107 10-μm-diameter spherules formed by continuous 

shaking of the solutions with Ag constrained to the 10-4-350 m2 g-1 range. On average, 

formation of 100-μm-diameter particles (Ag = 4x10-3 m2 g-1) at steady state is reasonable 

and gives C = 5x10-3 m2 l-1. Use of this value, kinetic parameters (Table 2), and R (1x10-13 

mol Pu(V) m-2 s-1) at 25ºC [10] in Eq. 1 gives the line shown for pH 3-6.5 in Fig. 1a. The 

log[Pu]s-pH function is continuous and other linear segments are successively defined by 

extending the pH 3-6.5 result with slopes and termination points from kinetics. The 

resulting linear segments (log[Pu]s = m/n pH + B) in Fig 1a are defined by the following 

sets of pH range, m/n, and B: (<1.5, -3/2, -1.72), (1.5-3, 1/2, -4.72), (3-6.5, -1, -0.22), 

(6.5-10, -3/4, -1.84), (10-13, 0, -9.43), and (>13, 2, -35.34).  Predicted steady-state Pu(V) 

and Pu(VI) percentages for pH 3-6.5 (59% and 41%, respectively) are in excellent 

agreement with average experimental values of 57% and 43% [5].  

 The decrease in [Pu]s with increasing [H+] for pH 1.5-3 (m/n = 1/2) is confirmed by 

measurements at different points on the test period [5], but Eq. 1 is accurate in this range 

only if CR is 500-fold larger than that for pH 3-6.5. A change in R is unlikely because 
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effects of oxide protonation first appear with onset of acid-driven dissolution below pH 

1.5. The Ag (200 m2 g-1) derived from the intercept term of Eq. 2 and the log[Pu]s-log(gl) 

intercept at pH 1.7 is 104 larger than for pH 3-6.5 and implies that the increase in [Pu]s is 

due to an Ag-driven increase in C.  

 A discrepancy exists in the transition point of log[Pu]s-pH from slope 1/2 to slope -1. 

Kinetic data (Table 2) indicate that the change is near pH 4, but log[Pu]s-pH results (Fig. 

1a) show the transition near pH 3. [Pu] values measured shortly after addition of Pu(IV) 

hydrous oxide to aqueous solutions at pH 2-4 deviated from the -1 slope below pH 4, but 

the deviation point progressively shifted to pH 3 over a period of weeks as the slope for 

pH 1.5-3 reached 1/2 at steady state [5]. This result and a ~102 separation between [Pu]s 

values for high-surface-area hydrous oxide and low-surface-area PuO2(c) microspheres 

[2] are consistent with the effect of Ag on [Pu]s. Ag values derived from the intercept 

limits of the log[Pu]s-log(gl) data for pH 1.7 (10 to 6x103 m2 g-1) agree with values 

calculated for spherical particles with diameters of 1μm to 1 nm. Formation of colloidal 

hydrous oxide accounts for the turbidity of low-pH solutions [8]. Sluggish attainment of 

steady state at pH 2-4 and the shift in pH of the transition point are consistent with slow 

transformation of the initial hydrous oxide to a high-surface-area solid/colloidal product. 

 As predicted by OD-RD, [Pu]s values measured in four pH 7.2 solutions with similar 

{Pu}t, but different initial Pu(X) (X = III-VI), converged over time and agree with values 

in Fig. 1a [39]. The [Pu]-time curve for the Pu(IV) solution reached a minimum as 

Pu(OH)4 precipitated near zero time and then increased over a two-day period 

 until [Pu] exceeded [Pu(IV)]e by ~104 at steady state, a result that cannot be explained 

using the solubility model based on equilibrium control by Pu(IV) hydrous oxide. 
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Compiled [Pu]s values identified as ‘solubilities of hydrated Pu(VI) oxide solids’ for the 

pH 7.5-14 range [40] are somewhat higher than shown in Fig 1a, but are characterized by 

three linear log[Pu]s-pH segments with slopes of -0.75, 0, and 2 in the respective pH 

ranges 7.5-10, 10-12.5, and 12.5-14. Regardless of the starting X, OD-RD apparently 

drives all solid-solution systems toward similar steady states at constant {Pu}t and pH. 

Specific areas of solid products tend to converge over time due to continuous dissolution 

of the solid phase and precipitation of Pu(IV) hydrous oxide in the OD-RD cycle, but 

some variations in [Pu]s are likely due to small changes in Ag with system age.  

 Except for pH and {Pu}t (or A/V), system variables have limited effect on the Pu 

concentration at steady state. [Pu]s decreases by a factor of three as temperature is 

increased from 25 to 90ºC at pH 7 [41]. Steady state was reached more rapidly with 

238PuO2(c) than with 239PuO2(c) [8], but agreement of [Pu]s values for the two isotopes 

(Fig. 1a) suggests that isotopic state is unimportant. RDVI is not altered by a high alpha-

particle activity in a solution containing 210Po [18].  [Pu]s values attained after a year in 

2.5 M Cl- solutions [39] agree with values reached more rapidly in low-ionic-strength, 

non-complexing media [2]. Average [Pu]s values for 1.0 m Na2CO3 are a factor of three 

larger than those for carbonate-free solutions at pH 12.5-15 [7], a result contradicted by 

other studies [6] and requiring further investigation. Although O2 is preferentially 

consumed during PuO2+x formation, the rates of formation in moist air, water vapor, and 

H2-rich water vapor are indistinguishable [10], implying that the radioactivity-driven OD-

RD cycle proceeds equally in both oxidizing and reducing systems.   

Aqueous transport of plutonium  
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 DX reactions are slow and have limited effect on redox chemistry during aqueous Pu 

processing operations, but are likely to determine long-term behavior during migration of 

Pu in the environment. Downstream Pu at both NTS [14] and Mayak [15] is primarily 

associated with colloidal particles and colloid-facilitated migration in groundwater is 

proposed. The likelihood of kilometer-scale colloid transport in aquifers is uncertain [42] 

and the OD-RD-based description of Pu migration in the environment merits 

consideration.  

 Data (Fig. 1a) and model predictions imply that [Pu]m, the concentration of Pu in 

water coexisting with hydrous oxide, will exceed [Pu(IV)]e if {Pu}t (or A/V) is large. 

Predominance of Pu(V) and Pu(VI) in solution is anticipated for both oxidizing and 

reducing systems. Pu(OH)4(am) continuously dissolves via the OD process and re-

precipitates as Pu(IV) is formed by RD. In groundwater systems, precipitation of hydrous 

oxide is expected on aquifer surfaces, including those of natural colloids, as a solution 

with high [Pu(V)]m and [Pu(VI)]m moves at the flow velocity. Analysis of samples from 

near the natural uranium reactor at Oklo shows 235U enrichment consistent with 

migration, localized deposition in clay, and subsequent alpha decay of 239Pu [43].  

 In addition to pH, A/V and the residence time of solid and aqueous phases (flow rate) 

are site-specific factors that determine [Pu]m. Concentrations similar to [Pu]s of laboratory 

studies may form at sites like NTS where Pu sources are large and groundwater is 

limited. [Pu]m is expected to increase as A/V is increased by downstream deposition of 

high-surface-area hydrous oxide.  

 Marine systems have low A/V and [Pu]m values (~10-14 mol kg-1) [44] that are 

substantially less than [Pu(IV)]e. Average oxidation-state distributions for fresh and sea 
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waters (32% III+IV, 68% V+VI) and for rain water (34% III+IV, 66% V+VI) [20] are in 

remarkable agreement with Pu(X) distributions (30±5% IV, 70±5% V+VI) existing at 

surfaces of as-received PuO2.26 and Pu(OH)4 (Table 3). Marine solutions apparently form 

by leaching of ions from steady-state surfaces with slow alteration of resulting 

concentrations by subsequent redox. About 10-5 percent of the Pu(V) and Pu(VI) 

disproportionates per year at observed [Pu]m values and pH 7, if EX is a constant fraction 

of radioactive energy at all {Pu}t. Results also suggest that Pu is leached from hydrous 

oxide surfaces at the steady-state Pu(X) distribution existing prior to brief contact of a 

source with rain water. Contrary to earlier proposals [3,16], formation of PuO2+x is not 

necessary for enhancement of [Pu]m by OD-RD.  

 Analyses of groundwater samples from downstream wells show Pu-containing 

colloids, but measured [Pu]m values (~10-14 M at pH 8.4) [14] are less than expected for 

solubility control by Pu(IV) hydrous oxide ([Pu(IV)]e ~10-11 M at pH >7, Fig. 1a). In 

addition to the likelihood of sample dilution by uncontaminated water during pumping, a 

change in A/V during collection is unavoidable and results in degradation of sample 

integrity over time. Observations are perplexing because [Pu]m should equal [Pu(IV)]e if 

hydrous oxide is present. Attainment of [Pu(IV)]e at steady state is sluggish for OD- 

controlled dissolution and is likely to be very slow at the low A/V of pumped 

groundwater samples. 

Conclusions 

 Kinetic results are useful for following a reaction along the path toward the final 

chemical state, as well as for modeling the system. The potential for using kinetics in 

characterizing plutonium oxide-water systems has been recognized [3,25], but has 
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remained unutilized. Here, steady-state redox systems in the pH 0-15 range are described 

by a comprehensive kinetic model based on disproportionation of Pu in intermediate 

oxidation states. 

 Equilibrium methods have been consistently applied to plutonium redox chemistry 

despite failure to account for properties of steady-state systems. In a recent solubility 

study [16], log[Pu]-pH data are described by a line with -1 slope derived for equilibrium 

control of PuO2
+(aq) by solid PuO2+x (am, hyd)(x < 0.06) in the pH 3-9 range. Failure to 

account for the high [Pu(VI)]s of steady-state solutions [2] or to predict [Pu]s outside the 

pH 3-9 range suggests that the model is inadequate. An equilibrium state with Pu(V) as 

the only oxidation state cannot exist at any pH because of DV (Fig. 1b). Calculations 

based on [Pu]s [16] and kinetic data (Table 2) show that ~10% of the reported equilibrium 

[Pu(V)] is transformed to Pu(IV) and Pu(VI) per day at pH 9. Thermodynamic results 

show that PuO2+x is unstable [12,13] and imply that higher oxide cannot participate in any 

true equilibrium process. The equilibrium description is based on reaction of PuO2(am, 

hyd) with O2 to form PuO2+x, a product that is not obtained with ozone, atomic oxygen, or 

other strong oxidants [45]. Formation of PuO2+x by O2 only occurs via a catalytic cycle 

driven by reaction of PuO2 with H2O [10]. Restriction of equilibrium PuO2+x 

compositions to low x values conflicts with observation of PuO2.27 as the steady-state 

solid in near-neutral solution at 25ºC [10] and with the PuO2.2 composition indicated [10] 

by the lattice parameter (ao = 0.5403 nm) derived using x-ray diffraction data for the 

PuO2-related phase existing at steady state [16].  

 Formation of non-equilibrium steady states in aqueous and plutonium oxide-water 

systems is contingent on three physicochemical factors. Multiple Pu oxidation states 



 
 
 

22 
 

allow DX reactions to proceed. Bridging OH groups in polynuclear hydroxo complexes 

and at oxide surfaces provide requisite electron-transfer pathways for DX. Radioactive 

decay of Pu isotopes is an essential energy source that drives ET in the absence of light. 

Electron excitation energies (EIV ~300 kJ mol-1) promote unfavorable reactions and 

maintain non-equilibrium states. A widely invoked concept of radiation-induced redox 

attributes non-equilibrium behavior to involvement of radiolytic products such as H2O2, 

but the approach fails to account for solution kinetics [1,18] or for PuO2+x formation in 

water vapor [10]. In contrast, the spectroscopic, kinetic, and steady-state properties are 

consistent with radioactivity-induced DX reactions in OD-RD.  

 Kinetic results give new insight into diverse aspects of plutonium chemistry. The 

slope change near pH 4 in the logkX-pH data for Pu(V) and Pu(VI) (Fig. 1b) implies that 

the dioxo cations are amphoteric. Formation of PuOOH2+ and PuOOH3+ promotes 

disproportionation of Pu(V) and Pu(VI) at low pH, creates zones of maximum stability 

for PuO2
+ and PuO2

2+ at minima in logkX-pH, and drives [Pu]s downward with increasing 

[H+] in the pH 1.5-3 range. The change from protonation to hydroxylation at pH 3-4 

coincides with a large discontinuity in electrochemical potential of steady-state solutions 

coexisting with hydrous oxide [3]. Protonation of oxide surfaces below pH 1.5 is marked 

by a sharp increase in [Pu]s at low pH. Proportionality of the oxide dissolution rate to 

[H+]4 [38] infers that the solid phase in strong acid is PuO2 and that Pu enters solution by 

forming Pu4++2H2O. Formation of PuO2(OH)3
2- as a stable Pu(V) complex in basic 

solution [23] is supported by kinetic results (Table 2) showing that the predicted log[Pu]s-

pH slope (mV/nV = 4/2) equals the observed value of 2 at pH > 13.  
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 Identification of the OD-RD cycle addresses the controversy over existence of PuO2+x 

[12,13,36,46]. The non-equilibrium higher oxide does not form during exposure of PuO2 

to dry O2 [46] because OH groups from sorption of water are essential for radioactivity-

promoted ET. Both spontaneous formation by the PuO2-H2O [10] and thermodynamic 

instability [12,13] are properties of PuO2+x. Formation of PuO2+x at 350ºC [10] implies 

that the phase is kinetically stable over a sizeable temperature range. Gibbs energies of 

formation derived for the PuO2+x solid solution [47] are invalid because H2 pressures 

generated by the PuO2+H2O reaction are not equilibrium values. All thermodynamic data 

based on Pu(X) concentrations in steady-state solutions are of uncertain reliability. 

 Radioactivity-promoted ET and OD-RD-controlled dissolution are expected for 

actinide and other transuranium elements with multiple oxidation states and propensity 

for disproportionation. Like PuO2+x(c), Np2O5(c) is unstable relative to NpO2(c)+1/2O2, 

but forms in water and becomes increasingly crystalline over time [40]. Slopes of 

log[Np]s-pH data for NpO2OH(am) at pH 6.5-13 correspond with those for log[Pu]s-pH 

(Fig.1a) and imply that [Np]s is fixed by OD-RD. Despite an unfavorable Gibbs energy, 

H2O oxidizes UO2 under anoxic hydrothermal conditions [48]. Product U(VI) precipitates 

as schoepite, a hydrous oxide of UO3, because DVI and RD are precluded by absence of 

U(VII) as an accessible oxidation state. Observations suggest that daughter isotopes are 

released from water-exposed spent nuclear fuel as product H2 escapes from an open 

system and UO2 is progressively transformed into U(VI) hydrous oxide. ET-driven 

reactions may occur if oxides of transition metals with multiple oxidation states (e.g.; Ti, 

Cr, Mn) are exposed to moist radiation environments. Promotion of disproportionation by 
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sunlight and formation of hydrogen and oxygen via OD-RD suggests the possibility of 

collecting solar energy by direct dissociation of water. 
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Table 1. Reaction sequences in solution and in the adsorbed water layer on oxidea  
 
   
 
A. Disproportionation reactions, DX, of Pu(X) in intermediate oxidation states (Ref.) 
 
1A1 3Pu(IV) (aq) + EIV → 2Pu(III) (aq) + Pu(VI) (aq) [17] 
 
1A2 2Pu(V) (aq) + EV → Pu(IV) (aq) + Pu(VI) (aq) [1] 
 
1A3 2Pu(VI) (aq) + EVI → Pu(V) (aq) + Pu(VII) (aq) [18] 
1A4 Pu(VII) (aq) + 1/2H2O (l) → Pu(VI) (aq) + H+ (aq) + 1/4O2 (g)  [18] 
1A5 Pu(VI) (aq) + 1/2H2O (l) + EVI → Pu(V) (aq) + H+ (aq) + 1/4O2 (g)  
 
 
B. Reaction sequence during oxidative disproportionation of Pu(IV) (closed system) 
 
 3Pu(IV) (aq) + EIV→ 2Pu(III) (aq) + Pu(VI) (aq) (1A1) 
1B1 2(Pu(III) (aq) + H2O (l) → Pu(IV) (aq) + OH- (aq) +1/2H2 (g)) [22,30] 
 Pu(VI) (aq) + 1/2H2O (l) + EVI → Pu(V) (aq)) + H+ (aq) + 1/4O2 (g (1A5) 
 H+ (aq) + OH- (aq) → H2O (l)  
 1/2H2 (g) + 1/4O2 (g) → H2O (l)  [37] 
1B2 Pu(IV) (aq) + H2O (l) + EIV+VI → Pu(V) (aq) + OH- (aq) + 1/2H2 (g) 
 
 
C. Reaction sequence during reductive disproportiontion of Pu(V) (closed system) 
 
 2Pu(V) (aq) + EV → Pu(IV) (aq) + Pu(VI) (aq) (1A2) 
 Pu(VI) (aq) + 1/2H2O (l) + EVI → Pu(V) (aq) + H+ (aq) + 1/4O2 (g)  (1A5) 
1C1 Pu(V) (aq) + 1/2H2O (l) + EV+VI → Pu(IV) (aq) + H+ (aq) + 1/4O2 (g)  
 
 
D. Reaction sequence resulting in formation of PuO2+x(c)b 
 
 2x(PuO2 (c) + 2H2O (ads) → Pu(OH)4 (sur)) [33] 
 2x(PuOH)4 (sur) + EIV+VI → PuO2OH (sur) +H2O (ads) + 1/2H2 (g)) (1B2) 
1D1 (1-2x)PuO2 (c) + 2xPuO2OH (sur) → PuO2+x (c) + xH2O (ads)   
1D2 PuO2 (c) + xH2O (ads) + 2xEIV+VI → PuO2+x (c) + xH2 (g)  [10] 
    
a. Excitation energies, EX, derive from radioactive decay and are unique for each DX.  b. 
Layers containing Pu-OH on oxide surfaces are indicated by (sur). 
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Table 2. Identification of Pu(X) species and reactive intermediates from dependencies of 
 DX on [Pu(X)] and [H+] at 25°Ca 
 
             
Eq. pH  Speciation Reaction mX/nX Reactive cX

b 
 Range   Intermediate      
       
 
A. Pu(IV) 
 
2A1 <1.2 Pu(OH)y

(4-y)+ + H2O ↔ -3/3 (Pu(OH)3)3
3+ 8x10-3 

   Pu(OH)y+1
(3-y)+ + H+  or (Pu(OH)4)3

0 
 
 
B. Pu(V) 
 
2B1 <4c PuO2

+ + H+ ↔ PuO2H2+ 1/2 (PuO2H-PuO2)3+ 4x10-3 

2B2 4-10 PuO2
+ + H2O ↔ PuO2OH + H+ -2/2 (PuO2OH)2 4x10-15 

2B3 10-13 PuO2OH + H2O ↔ no reactiond 0/2 (PuO2OH)2 4x105 

2B4 >13 PuO2(OH)3
2- + 2H+ ↔ PuO2OH + 2H2O 4/2 (PuO2OH)2 1x1056  

 
 
C. Pu(VI) 
 
2C1 <4c PuO2

2+ + H+ ↔ PuO2H3+ 1/2 (PuO2H-PuO2)5+ 1x10-3 

2C2 4-6.5 PuO2
2+ + H2O ↔ PuO2OH+ + H+ -2/2 (PuO2OH)2

2+ 4x10-15 

2C3 6.5-10 PuO2OH+ + H2O ↔ PuO2(OH)2 + H+ -1/2 (PuO2OH- -- 

         PuO2(OH)2)+  
                        
a. Data are from literature sourses [1,17,18]. b. Units of cX vary with nX and mX so that 
the units of RDX (RDX = kX[Pu(X)]nx= cX[Pu(X)]nx[H+]mx) are mol l-1 s-1. c. The terminal 
pH shifts from 4 to 3 when hydrous oxide is present. d. The mole fraction of PuO2OH is 1 
at pH 10-13 with RDV and kV constant (mV = 0). 
 



 
 
 

31 
 

Table 3. Curve-fitting results of Pu 4f7/2 XPS spectra for oxides and hydrous oxidesa 
 
  
 Sample Fig./Curve Calculated Oxidation State Percentage FWHMb 
   Pu(III) Pu(IV) Pu(V) Pu(VI) Pu(VII) (eV) 
  
  
PuO2(c) 2a/A 5 90 5 -- -- 1.83 

 PuO2.26(c)c 2a/C, 2c -- 25 53 22 -- 1.51 

PuO2.26(c, aged)c 2b/E 9 43 35 13 -- 1.67 

Pu(OH)4(am) 2a/D -- 35 45 20 -- 2.20 

PuO2CO3(c) 2d -- 13 20 49 18 2.76 

  
a. Digitized spectra [34] of samples at room temperature were analyzed using commercial 
curve-fitting software and the following BE values: III(424.0 eV), IV(425.5 eV), V(427.0 
eV), and VI(428.5eV). The BE of 430.4 eV for Pu(VII) was fit in calculation. b. FWHM 
is the full width at half maximum. c. PuO2.26 was analyzed in ‘as received’ condition (Fig. 
2b/C) and after aging for an unspecified period in the spectrometer (Fig. 2b/E) [34]. 
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Figure. 1. The pH dependencies (a) of  [Pu]s (data points) [4-8] and of [Pu(IV)]e (line 
without points) [9] coexisting with hydrous oxide in carbonate-free solutions and (b) of 
kV (open circles) and kVI (solid circles) [1,19,20]. All [Pu]s data are for 239Pu except for 
the 238Pu values at pH 1.5 and 4.8 (open circles) [8]. Ideal (integer and integer ratio) 
slopes are shown adjacent to linear log[Pu]s-pH and logkX-pH segments.  
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Figure 2. Pu 4f7/2 XPS spectra of plutonium oxides, hydrous oxides, and oxide carbonate 
[34]. (a) Curves are: A: in-situ-prepared PuO2(c) (grey); B: air-fired PuO2(c) (black); C: 
‘as- received’ PuO2.26(c) (dark grey); D: ‘colloid-n’ Pu(IV) hydroxide (grey). (b) Curves 
are: C: ‘as received’ PuO2.26(c) (dark grey); E: aged PuO2.26(c) (grey). (c) Fit of ‘as 
received’ PuO2.26(c) spectrum (black dots). (d) Fit of PuO2CO3(c) spectrum (black dots).  
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Figure 3. Cycle describing oxidative disproportionation of Pu(IV) and reductive 
disproportionation of Pu(V) at surfaces with the Pu(OH)4 composition. Pathways of DX 
reactions are shown by black arrows with the cycle core indicated by the inner circle of 
thick black arrows. Energetically favorable paths are shown by light grey arrows; entry 
paths for Pu with different oxidation states in solids and solutions are shown by dark grey 
arrows. Reaction stoichiometries are given in Table 1B and 1C. 
 


